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ABSTRACT Recent reports highlighting the global significance of cryptosporidiosis
among children have renewed efforts to develop control measures. We evaluated
the efficacy of bumped kinase inhibitor (BKI) 1369 in the gnotobiotic piglet model of
acute diarrhea caused by Cryptosporidium hominis, the species responsible for most
human cases. Five-day treatment with BKI 1369 reduced signs of disease early dur-
ing treatment compared to those of untreated animals. Piglets treated with BKI 1369
exhibited significant reductions of oocyst excretion, mucosal colonization by C.
hominis, and mucosal lesions, which resulted in considerable symptomatic improve-
ment. BKI 1369 reduced the parasite burden and disease severity in the gnotobiotic
pig model. Together these data suggest that a BKI-mediated therapeutic may be an
effective treatment against cryptosporidiosis.

KEYWORDS BKI 1369, Cryptosporidium hominis, bumped kinase inhibitor, gnotobiotic
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Cryptosporidium spp. are enteric protozoa that have a worldwide distribution and are
found in all classes of vertebrates. Cryptosporidiosis is a major cause of diarrhea in

young children under the age of 2 years in developing countries, resulting in an
estimated 7.6 million cases and 202,000 deaths annually in sub-Saharan Africa and
southern Asia (1–4). Cryptosporidium hominis and Cryptosporidium parvum are respon-
sible for �75% and �20% of cases of illness, respectively (2, 5). While the disease in
otherwise healthy individuals is self-limited, lasting 1 to 2 weeks, infection can be
life-threatening in young children with malnutrition and in immunocompromised
individuals (6).

Current therapeutic options for cryptosporidiosis are limited and only partially
effective. Nitazoxanide (NTZ) is the only FDA-approved drug for treatment of Crypto-
sporidium in immunocompetent children and adults (7, 8). Although NTZ shortens the
duration of diarrhea and parasite shedding in immunocompetent adults, its efficacy is
partial (at best) in children, and it is ineffective in immunocompromised patients (9).
Therefore, more effective parasite-specific drugs are urgently needed to treat crypto-
sporidiosis.

The calcium-dependent protein kinase 1 of C. parvum (CpCDPK1) has been consid-
ered a potential target for drug development against this infection because CDPK
homologs have crucial roles in host cell invasion, microneme secretion, and gliding
motility and differ from mammalian protein kinases. Selected bumped kinase inhibitors
(BKIs) have a high specific affinity for CpCDPK1. In a previous study, BKI 1294 exhibited
inhibitory activity against C. parvum in immunodeficient mice and calves (10, 11), and
it reduced parasite and disease burdens of C. hominis in the gnotobiotic (GB) piglet

Received 23 January 2018 Returned for
modification 15 February 2018 Accepted 4
April 2018

Accepted manuscript posted online 16
April 2018

Citation Lee S, Ginese M, Beamer G, Danz HR,
Girouard DJ, Chapman-Bonofiglio SP, Lee M,
Hulverson MA, Choi R, Whitman GR, Ojo KK,
Arnold SLM, Van Voorhis WC, Tzipori S. 2018.
Therapeutic efficacy of bumped kinase
inhibitor 1369 in a pig model of acute diarrhea
caused by Cryptosporidium hominis. Antimicrob
Agents Chemother 62:e00147-18. https://doi
.org/10.1128/AAC.00147-18.

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Saul Tzipori,
Saul.Tzipori@tufts.edu.

EXPERIMENTAL THERAPEUTICS

crossm

July 2018 Volume 62 Issue 7 e00147-18 aac.asm.org 1Antimicrobial Agents and Chemotherapy

https://orcid.org/0000-0002-7983-9460
https://doi.org/10.1128/AAC.00147-18
https://doi.org/10.1128/AAC.00147-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:Saul.Tzipori@tufts.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.00147-18&domain=pdf&date_stamp=2018-4-16
http://aac.asm.org


model of acute diarrhea (unpublished data). However, it was reported to have cardio-
toxicity (10), and consequently, other BKI derivatives were generated and evaluated.

In the present study, we used the GB piglet model to evaluate the efficacy of BKI
1369, a candidate with less potential cardiotoxicity than that of BKI 1294, using the
well-characterized C. hominis strain TU502 (12). BKI 1369 has been well characterized for
potency, stability, metabolism, toxicity, and pharmacokinetics and has been shown to
be potent against C. parvum in infected mice and calves (13). Piglets treated with BKI
1369 exhibited a significant reduction of oocyst excretion in feces, with considerable
symptomatic improvement. These findings validate BKI 1369 as a potential therapeutic
agent to treat cryptosporidiosis.

RESULTS
Oocyst excretion. GB piglets, delivered by caesarean section to ensure that they are

germfree, are the only animal model that can reliably be used for C. hominis infections
leading to clinical diarrhea and pathological damage typical of human C. hominis
infection. Thus, this model is well suited for testing new drugs against C. hominis. After
parasite challenge, we measured oocyst excretion, intensity of diarrhea, and body
weight and compared the results between BKI 1369-treated and untreated groups,
which included nine piglets each. Infectivity was measured by quantification of oocyst
excretion and parasite DNA in feces. The oocyst counts in feces were high from days 4
to 11 postchallenge and then gradually declined in the infected and untreated group.
In contrast, the BKI 1369-treated piglets shed significantly smaller numbers of oocysts
throughout the study (Fig. 1A). Cryptosporidium DNA in feces was also measured by
real-time PCR. Quantitative PCR (qPCR) analysis showed results similar to those for
oocyst excretion, with the BKI 1369-treated piglets showing a log reduction of fecal
DNA (Fig. 1B). The accumulated oocyst excretion level also indicated that BKI 1369 was
significantly effective for oocyst reduction in feces, and the effect was prolonged to the
end of the experiment (Fig. 1C and D).

Piglets challenged with heat-killed oocysts had no significant oocyst excretion in
feces. Only one or two oocysts, which had most likely passed through the gastrointes-
tinal (GI) tract, were observed in microscopic oocyst counts at 2 days postchallenge.

FIG 1 Fecal excretion of C. hominis oocysts after challenge. (A) Daily oocyst excretion. (B) Quantification
of Cryptosporidium DNA in feces. (C and D) Accumulated counts of oocyst excretion from days 1 to 5 (C)
and days 6 to 10 (D) after the start of BKI 1369 treatment. Piglets were inoculated orally with C. hominis
oocysts 2 days after birth and were treated with BKI 1369 at 3 days postchallenge. Rectal swabs were
processed for oocyst counts and DNA measurements. The plots in panels A and B show means �
standard errors of the means (SEM), and the plots in panels C and D are box-and-whisker (minimum to
maximum) plots. The differences in the data on oocyst excretions and Cryptosporidium DNA between
groups were compared by the Mann-Whitney test on each day, using GraphPad Prism 7.03. *, P � 0.05;
**, P � 0.01; ***, P � 0.001; ****, P � 0.0001. �, C. hominis-infected group (n � 9); �, C. hominis-infected
and BKI 1369-treated group (n � 9).
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However, no significant Cryptosporidium DNA was detected by quantitative real-time
PCR in this experiment.

Clinical observations. Diarrhea was monitored and scored daily. The infected
control group developed moderate diarrhea from days 4 to 6 postchallenge. Treatment
with BKI 1369 significantly reduced diarrhea in parasite-infected piglets (Fig. 2A and B).
Two control piglets treated with BKI 1369 and two piglets treated with heat-killed
oocysts and vehicle only had no to mild diarrhea during the study, as did the two
untreated animals (data not shown).

Body weights, which were measured daily, showed that all piglets in both groups
gained weight. No significance of differences was observed, although the BKI 1369-
treated piglets had a slightly higher growth rate than that of the infected control piglets
(Fig. 3).

Histopathology. Piglets were euthanized 13 days after oral challenge, and gut
sections were processed for microscopic examination. Compared to the histology of
normal duodenal villi (Fig. 4A), infection with C. hominis caused marked villus blunting
and fusion and moderate lymphocytic infiltrates in the lamina propria of duodenal villi
(Fig. 4B). Compared to those in the uninfected spiral colon (Fig. 4C and E), glands of
infected animals were sometimes heavily colonized with C. hominis and associated with
epithelial cell loss, attenuation, and sloughing into the lumen (Fig. 4D), and sometimes

FIG 2 Diarrhea scores observed for piglets following oocyst challenge. (A) Daily diarrhea scores. (B)
Accumulated diarrhea scores. Piglets were inoculated orally with C. hominis oocysts 2 days after birth. The
clinical signs of cryptosporidiosis were monitored daily, and diarrheal symptoms were scored as
described in Materials and Methods. The plot in panel A show means � SEM, and the plot in panel B is
a box-and-whisker (minimum to maximum) plot. Two-way analysis of variance (ANOVA) with Sidak’s
multiple-comparison test (A) and the Mann-Whitney test (B) were conducted using GraphPad Prism 7.03.
*, P � 0.05; **, P � 0.01; ****, P � 0.0001. �, C. hominis-infected group (n � 9); �, C. hominis-infected
and BKI 1369-treated group (n � 9).

FIG 3 Body weight gain after drug treatment of C. hominis-infected piglets. Piglets were inoculated orally
with C. hominis oocysts 2 days after birth and were treated with BKI 1369 3 days after challenge. Body
weight was measured daily. The plot shows means � standard deviations (SD). Two-way ANOVA with
Tukey’s multiple-comparison test was conducted using GraphPad Prism 7.03. No significance of differ-
ences between groups was observed. �, C. hominis-infected group (n � 9); �, C. hominis-infected and
BKI 1369-treated group (n � 9).
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epithelial surfaces were mildly colonized by C. hominis, with single-cell necrosis and
sloughing (Fig. 4F). C. hominis infection was mostly observed in the cecum and spiral
colon, and there was a significant reduction in the colonization score that was attrib-
utable to BKI 1369 (Fig. 5A), consistent with the results for oocyst excretion in feces. The
mucosal lesion score was also significantly reduced by BKI 1369 treatment compared to
that for piglets challenged with C. hominis alone (Fig. 5B). Note that the mucosal
colonization and lesion scores are significantly and positively correlated (Spearman
coefficient of 0.887) (Fig. 5C). These results indicate that treatment with BKI 1369
significantly decreases parasite colonization and ameliorates C. hominis-induced epi-
thelial cell necrosis and loss and that the treatment may prevent villus blunting and
fusion and minimize lymphocytic and neutrophilic inflammation.

Pharmacokinetics. BKI 1369 and its metabolites, BKI 1318 (metabolite 1 [13]) and
BKI 1817 (metabolite 2 [13]), were measured in serum, urine, and gut contents after BKI
1369 was orally inoculated into piglets (Table 1). BKI 1369 concentrations of 2.8 �M and
3.4 �M were detected in plasma 2 h after the 1st dose of BKI 1369 at 10 mg/kg of body
weight, while no BKI 1318 and BKI 1817 were detected. The plasma concentration of BKI
1369 increased to 10 �M after the 9th dose, indicating that BKI 1369 was eliminated
slowly and accumulated with this dose regimen in piglets. The BKI 1369 plasma
concentration decreased after dosing was stopped, and levels of 0.5 to 2.7 �M were
detected 6 days after the last dose. Interestingly, BKI 1369 levels in urine and gut
contents, also measured 6 days after the last dose, were 7.6 to 10.4 �M and 1.8 to 4.5
�M, respectively, demonstrating that urine levels during the drug excretion phase after
dosing were higher than levels in plasma and that residual gut BKI 1369 may still have
been yielding therapeutic effects. The metabolites (BKI 1318 and BKI 1817) were

FIG 4 Hematoxylin- and eosin-stained sections from the spiral colons of uninfected (A, C, and E) and C.
hominis-infected (B, D, and F) piglets, magnified �20 (A to D) and �40 (E and F) and showing normal
structures (left panels) compared to representative lesions from C. hominis-infected pigs (right panels).
(A and B) Normal duodenal villi within an uninfected pig (A) compared to marked villus blunting and
fusion and moderate lymphocytic infiltrates in the lamina propria of a C. hominis-infected pig (B). (C and
D) Normal spiral colon surface and glandular epithelia (C) compared to a gland heavily colonized with
C. hominis, with epithelial cell loss, attenuation, and sloughing into the lumen (D). (E and F) Normal spiral
colon surface (E) compared to a surface mildly colonized by C. hominis, with single-cell necrosis and
sloughing (F). The arrows mark apoptotic epithelial cells sloughing into the lumen. The ovals encircle
epithelial cells that are infected with C. hominis organisms at the very apical surface of the epithelial cells.
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minimally present in plasma, and always under 1.1 �M. In contrast, the metabolite BKI
1318 was found at 9 �M in urine and 23.7 �M in gut contents 6 days after the last dose,
while the metabolite BKI 1817 was found at 0.7 �M in urine and 1.8 �M in gut contents.
Interestingly, the metabolite BKI 1817 was measured at 7 �M, on average, in daily rectal
swabs after BKI 1369 treatment (data not shown). These data suggest that BKI 1369 is
eliminated from the body in urine via the kidneys and through the GI tract as BKI 1369,
but also as BKI 1318 and, to a lesser degree, BKI 1817. Prolonged gut excretion of BKI
1369 and the active metabolite BKI 1318 (13) may enhance the anti-Cryptosporidium
therapeutic effect. We were able to measure the levels of BKI 1369 and the active
metabolite, BKI 1318, in the intestinal tissue only after piglets were terminated, 6 days
after dosing had ended. Yet the levels measured were still about the 50% effective
concentrations (EC50s) of these compounds against Cryptosporidium, even after metab-
olism and excretion of compound had undoubtedly occurred. This suggests that the

FIG 5 Microscopic examination of C. hominis infection. (A) Mucosal colonization scores. (B) Mucosal lesion scores. (C) Correlation between
colonization scores and lesion scores. The gastrointestinal tissues were fixed in formalin and processed for hematoxylin and eosin staining.
Mucosal colonization was examined at a magnification of �40 and given a score of 0 to 5 (0, no infection detected; 1, 1 to 20% of the epithelial
surface infected; 2, 21 to 40% of the surface infected; 3, 41 to 60% of the surface infected; 4, 61 to 80% of the surface infected; and 5, 81 to 100%
of the surface infected). Mucosal lesion scores were applied for villus changes, epithelial changes, and cellular inflammation in the lamina propria
and within crypts/glands for all samples. The following scores were used: 0, normal; 2.5, equivocal; 5, mild; 10, moderate; and 15, marked. The
final lesion score was the sum of scores for 5 anatomic sites (3 for the small intestine [duodenum, jejunum, and ileum] and 2 for the large intestine
[cecum and colon]) for each piglet. The scatterplots (A and B) show means � SEM. The Mann-Whitney test was conducted using GraphPad Prism
7.03. The plot in panel C shows the correlation between scores by linear regression. **, P � 0.01. �, C. hominis-infected group (n � 9); �, C.
hominis-infected and BKI 1369-treated group (n � 9).

TABLE 1 Concentrations of BKI 1369 and its metabolites, BKI 1318 and BKI 1817, in
piglets

Sample type and time of collectiona

Drug concn (�M)

C. hominis-infected and BKI
1369-treated animals

Uninfected animals
treated with BKI
1369

BKI 1369 BKI 1318 BKI 1817 BKI 1369

Plasma
3 dpi (0 h before 1st dose) 0.0 � 0.00 0.0 � 0.00 0.0 � 0.00 0.0 � 0.00
3 dpi (2 h after 1st dose) 2.75 � 0.50 0.0 � 0.00 0.0 � 0.00 3.44 � 0.70
7 dpi (12 h after 8th dose) 8.73 � 0.79 0.92 � 0.12 0.26 � 0.03 8.20 � 0.23
7 dpi (2 h after 9th dose) 10.1 � 0.99 0.85 � 0.04 0.23 � 0.02 7.12 � 0.15
8 dpi (12 h after 10th dose) 7.67 1.07 0.04
10 dpi (3 days after 10th dose) 2.21 � 0.54 1.05 � 0.17 0.09 � 0.05
Termination (6 days after 10th dose) 0.51 � 0.19 0.21 � 0.09 0.0 � 0.00 2.66 � 0.09

Urine
Termination (6 days after 10th dose) 7.61 � 1.78 9.01 0.69 10.4 � 2.55

Gut contents
Termination (6 days after 10th dose) 1.79 � 0.43 23.7 � 2.81 1.80 � 0.25 4.47 � 3.18

adpi, days postinfection.
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efficacy of BKI 1369 may be correlated with intestinal epithelial levels that exceed levels
necessary for growth interruption in vitro.

Blood analysis. The results of blood biochemical and hematological analyses after
euthanasia are summarized in Table 2. While the gamma glutamyltransferase (GGT)
level in BKI 1369-treated piglets was significantly lower than that in the infected control

TABLE 2 Serum biochemical and hematological data for blood from piglets

Measurea Units

Value

C. hominis-infected
animals only
(n � 9)

C. hominis-infected and
BKI 1369-treated
animals (n � 9)

Electrolytes
Sodium meq/liter 134.9 � 0.89 134.0 � 1.48
Potassium meq/liter 4.0 � 0.08 4.2 � 0.18
Chloride meq/liter 95.9 � 0.42 95.9 � 0.87
Osmolarity mmol/liter 267.1 � 1.88 265.0 � 3.13

Acid-base status
Bicarbonate meq/liter 22.8 � 0.91 22.7 � 1.72
Anion gap mmol/liter 16.2 � 0.36 15.4 � 1.08

Minerals
Calcium mg/dl 9.3 � 0.11 9.1 � 0.18
Phosphorus (Pi) mg/dl 6.6 � 0.18 6.5 � 0.19
Magnesium mg/dl 2.1 � 0.06 2.1 � 0.10

Renal function parameters
Blood urea nitrogen mg/dl 1.6 � 0.14 1.7 � 0.21
Creatinine mg/dl 0.5 � 0.04 0.6 � 0.02

Liver function parameters
Bilirubin mg/dl 0.5 � 0.03 0.5 � 0.07

Metabolites
Cholesterol mg/dl 96.3 � 7.58 95.7 � 3.61
Glucose mg/dl 148.7 � 7.75 133.6 � 12.74
Triglycerides mg/dl 64.2 � 7.26 50.2 � 8.10

Enzymes
Alanine aminotransferase (ALT) U/liter 55.0 � 1.39 53.8 � 6.37
Alkaline phosphatase (ALP) U/liter 2,039 � 217.5 2,119 � 298.3
Amylase U/liter 3,544 � 175.0 2,848 � 292.1
Aspartate aminotransferase (AST) U/liter 74.6 � 25.72 29.6 � 3.48
Creatine kinase U/liter 523 � 171.6 236 � 33.3
Gamma glutamyltransferase (GGT) U/liter 62.0 � 5.16 43.1 � 4.41

Proteins
Protein (total) g/dl 2.0 � 0.14 1.9 � 0.09
Albumin (A) g/dl 1.1 � 0.08 1.1 � 0.08
Globulin (G) g/dl 0.9 � 0.09 0.8 � 0.06
A/G ratio 1.2 � 0.11 1.5 � 0.19

Hematology analysis
RBC 106/�l 4.21 � 0.194 3.51 � 0.151
Hemoglobin g/dl 7.3 � 0.34 6.1 � 0.28
Hematocrit % 24.4 � 1.10 21.0 � 0.76
MCV fl 58.5 � 1.23 60.4 � 1.70
MCH pg 17.4 � 0.41 17.5 � 0.54
MCHC g/dl 29.7 � 0.23 29.0 � 0.54
RDW % 19.6 � 0.55 20.8 � 0.54
White blood cells (WBC) 103/�l 7.71 � 0.745 6.47 � 0.667
Seg neutrophils % 58.6 � 3.03 57.6 � 4.27
Lymphocytes % 39.9 � 2.76 40.6 � 4.29
Monocytes % 1.4 � 0.48 1.7 � 0.55
Seg Neutrophils 103/�l 4.61 � 0.554 3.84 � 0.562
Lymphocytes 103/�l 3.05 � 0.290 2.48 � 0.236
Monocytes 103/�l 0.10 � 0.030 0.08 � 0.035

aThe data represent means � SEM. The Mann-Whitney test was conducted to assess differences between
C. hominis-infected control piglets and BKI 1369-treated piglets. In BKI 1369-treated piglets, GGT was
significantly lower than that in infected control piglets (P � 0.019). RBC, hemoglobin, and hematocrit levels
in BKI 1369-treated piglets were also significantly lower than those in the infected control piglets
(P � 0.013, P � 0.012, and P � 0.026, respectively). RBC, red blood cells; MCV, mean corpuscular volume;
MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red blood
cell distribution width.
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piglets, GGT levels in both groups were in the normal reference range (33 to 94 U/liter)
for 6-week-old specific-pathogen-free Hampshire-Yorkshire crossbred pigs (14). Red
blood cell (RBC), hemoglobin, and hematocrit levels in BKI 1369-treated piglets were
also significantly lower than those in the infected control piglets. Interestingly, levels of
RBC, hemoglobin, and hematocrit in both groups were lower than the normal reference
ranges (5.52 to 9.11 million/�l, 8.8 to 12.7 g/dl, and 28.3 to 42.7%, respectively) (14). For
all other parameters, no significant differences were observed between groups.

Tissue toxicity. Tissue toxicity of BKI 1369 was investigated microscopically. Most
piglets in this study showed diffuse, mild to marked hepatocellular cytoplasmic vacu-
olation of hepatocytes, an indicator of active metabolism and hepatocyte function in
young animals, but there were no significant differences among experimental groups.
One piglet from the C. hominis-infected and BKI 1369-treated group (n � 9) had an
unusual microscopic lesion, namely, multifocal Purkinje cell necrosis in the cerebellum
that corresponded to abnormal motor and balance clinical signs. Another piglet from
the same group had lymphangiectasia characterized by submucosal, mural, and serosal
neutrophilic, lymphocytic, and histiocytic enteritis surrounding dilated lymphatic ves-
sels. Both piglets originated from the same litter. These pathological findings were not
observed in the piglets treated with BKI 1369 only (n � 2) and vehicle only (n � 2),
suggesting that these pathological signs are not associated with BKI 1369 or vehicle, to
rule out rare toxic events. No other significant microscopic lesions were observed in any
other extraintestinal tissues examined in the piglets.

DISCUSSION

Cryptosporidiosis, a previously neglected disease of childhood (15), remains near the
top of the list among enteric diseases that contribute significantly to morbidity and
mortality in children aged 6 to 18 months in many developing countries (1, 2, 16). It is
second only to rotavirus, against which there are several effective vaccines, which
further accentuates the significance of cryptosporidiosis. Furthermore, at this vulnera-
ble age, cryptosporidiosis, more than other enteric diseases, often leads to chronic
diarrhea, malnutrition, poor physical growth, and slow cognitive development (17).
Hence, the search for effective treatment or control measures remains a priority.

Here we report experiments performed with the GB piglet model of acute diarrhea,
using piglets challenged with C. hominis (12) and treated with BKI 1369, a known
inhibitor of the CpCDPK-1 parasite enzymatic pathway (13). We previously established
the GB piglet model for the purpose of evaluating prophylactic and therapeutic agents
against cryptosporidiosis for children and showed limited efficacy of NTZ, the only drug
approved by the FDA for treatment of cryptosporidiosis (12). The clinical efficacy of BKI
1369 for treatment of C. hominis infection in this piglet model appears to be superior
to the efficacy of NTZ observed in our previous study (12). Five-day treatment with BKI
1369 significantly reduced the extent of parasite burden as judged by the reduction in
oocyst excretion, leading to symptomatic improvement as manifested by the reduction
of diarrhea induced by C. hominis.

BKIs targeting CpCDPK1 do not significantly inhibit mammalian protein kinases and
are not known to be toxic to the host (10). Representative BKIs, including BKI 1294 and
BKI 1369, were shown to considerably improve the clinical outcome of diarrhea as well
as reduce oocyst fecal output in the calf model of C. parvum cryptosporidiosis (11, 13).
While BKI 1294 was shown to be reasonably effective against cryptosporidiosis, it was
considered unsuitable for human application because of its potent hERG-inhibitory
activity (50% inhibitory concentration [IC50]� 0.3 �M), which is known to be associated
with prolonged QTc intervals and potential cardiotoxicity in humans (10). BKI 1369 has
a 5-fold increase in hERG-inhibitory activity (IC50 � 1.52 �M). This may not allow for its
safe use in humans. The concentration of BKI 1369 was 11.4 �M in serum 2 h after 9
consecutive doses. The relevant estimate for hERG inhibition toxicity is the peak
concentration of the free drug in plasma, and since BKI 1369 is 76% protein bound,
about 2.4 �M free BKI 1369 would be expected with the therapeutic dosing used in this
experiment. This exceeds the measured IC50 for BKI 1369 of 1.52 �M. It is very possible
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that efficacy can be maintained while reducing the dose of BKI 1369 to minimize
accumulation of BKI 1369 and metabolites during the experiment and to increase the
safety of BKI 1369. Alternatively, other BKIs with less hERG inhibition can be explored,
such as BKI 1517 and BKI 1553, which have no observable hERG-inhibitory activity even
at 30 �M (11, 18). Nevertheless, this report demonstrates proof of concept for BKI-
mediated therapeutic and parasitologic improvement of C. hominis infection.

In summary, we observed a significant symptomatic improvement in piglets treated
with BKI 1369, with considerably reduced oocyst excretion. Additional experiments are
needed to further confirm the safety and efficacy of BKI 1369 as a candidate therapeutic
agent for treatment of acute cryptosporidiosis.

MATERIALS AND METHODS
C. hominis oocysts and gnotobiotic piglets. C. hominis strain TU502, which originated from a

Ugandan diarrheic child, has been maintained for over a decade through numerous passages (every 8 to
10 weeks) in GB piglets (19). TU502 oocysts were purified from gut contents and feces and prepared for
challenge experiments as described previously (20). Oocysts with an excystation rate of over 60% were
used as inoculum.

Twenty-four GB piglets, derived from four litters delivered by caesarean section, were maintained
inside sterile isolators for the duration of the experiments, as approved by the institutional animal care
and use committee (IACUC) guidelines. Healthy piglets selected 2 days after birth were assigned to
experimental groups.

C. hominis challenge and BKI 1369 treatment. TU502 oocysts (1 � 106 to 5 � 106) were
administered orally to 18 of the 24 animals 2 days after birth (1 � 106 oocysts for 13 piglets in three
experiments and 5 � 106 oocysts for 5 piglets in one experiment). A group of 9 piglets were treated with
BKI 1369 at the onset of diarrhea, 3 days after C. hominis challenge, while a second group of 9 piglets
were left as untreated controls. Two piglets were orally administered heat-killed (70°C for 30 min) TU502
oocysts (1 � 106) 2 days after birth. Of the four uninfected control animals, two were treated with BKI
1369. Chemical and biological information relating to BKI 1369 and its synthesis was previously reported
(21–24). The BKI 1369 compound for these experiments was prepared by Vas Bio, Hyderabad, India, and
was �98% pure by high-pressure liquid chromatography (HPLC) and nuclear magnetic resonance (NMR)
analyses. BKI 1369 at 10 mg/kg in 2 ml of vehicle (7% Tween 80-3% ethanol [EtOH]-90% saline) was given
orally twice a day for 5 days. We found that a BKI 1369 dose of 5 mg/kg twice daily (BID) was effective
in the calf model (13). We used a slightly higher dose in this study, based on the assumption that the
smaller piglets might need a larger dose per kilogram than that for the larger calves. The piglets
administered heat-killed oocysts were treated with 2 ml of vehicle (7% Tween 80-3% EtOH-90% saline)
twice a day for 5 days.

Clinical observation and sample collection. Clinical signs of illness were monitored twice daily, and
symptoms of diarrhea were scored from 0 to 4 (0, no diarrhea; 1, brown or gray soft stool, mild diarrhea;
2, brown to yellow, mucoid, small-volume stool, mild to moderate diarrhea; 3, yellow, mucoid to watery,
medium-volume stool, moderate diarrhea; and 4, yellow to white, watery, high-volume stool, severe
diarrhea). Two lab personnel monitored and scored diarrhea individually and averaged the scores. Body
weight was measured daily.

Rectal swabs were collected daily, while sera were collected on days 0, 4, 5, and 7 once drug
treatment commenced. Daily rectal swabs were placed in 500 �l sterile H2O and incubated at room
temperature for 10 min; agitated eluates were centrifuged at 13,000 � g for 10 min to separate the
oocysts in the pellet from the residual drugs in supernatant. Three hundred microliters of supernatant
was transferred to a new tube and stored at �80°C to be used for measuring the drug concentration.
After the pellet was resuspended with 300 �l sterile H2O, 50-�l and 200-�l aliquots were transferred to
new tubes for oocyst counting and DNA extraction, respectively. For oocyst counting, the 50-�l transfer
aliquot was washed once, and 10 �l was mounted on welled glass slides (7-mm diameter) and stained
by the modified Kinyoun acid-fast method (12, 25). The number of oocysts in 30 fields was counted under
a magnification of �1,000. The number of oocysts was counted independently by two lab individuals
and averaged.

Quantitative real-time PCR. For DNA extraction, the 200-�l transfer aliquot was subjected to 5
freeze-thaw cycles and applied to an EZNA Stool DNA kit (Omega Bio-Tek) following the manufacturer’s
instructions. The eluted DNA was stored at �20°C until it was used for PCR.

For quantitative real-time PCR, primers (HSP70 forward, 5=-TCTGAAGGAATGCGAACAACT-3=; and
HSP70 reverse, 5=-GGGTTTGTGATTGCTTGTCTTT-3=) and a probe (5=-6-carboxyfluorescein [FAM]-TGGGC
AGAG-ZEN-ATTGGTTGGTGAAGT-3IABkFQ-3=) targeting Cryptosporidium hsp70 were generated using the
PrimerQuest design tool (Integrated DNA Technologies, Inc., Coralville, IA). A premixed solution of
primers (5 �M [each]) and probe (2.5 �M) was prepared. For PCR, the following was added to give a 10-�l
total volume in each well: 5 �l of PrimeTime Gene Expression master mix (Integrated DNA Technologies,
Inc.), 1 �l of the premixed primers and probe, 2 �l of sample DNA, and 2 �l of H2O. Each sample was
prepared in triplicate. PCR was performed in a StepOnePlus real-time PCR system (Applied Biosystems,
Foster City, CA) under the following conditions: 45 cycles of polymerase activation at 95°C for 3 min and
amplification at 95°C for 15 s and 60°C for 1 min. The standard DNA was prepared from TU502 oocysts
counted by use of a hemocytometer. The DNA amounts equivalent to Cryptosporidium oocysts were
calculated from the cycle threshold (CT) values for samples by using the equation for the standard curve.
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Sera and rectal swabs from representative animals from each group were extracted with acetonitrile and
analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) to determine the concen-
trations of BKI 1369 and its metabolites, metabolite 1 (BKI 1318) and metabolite 2 (BKI 1817) (13).

Histopathology. Piglets were euthanized 10 days after the onset of treatment. Blood was collected
and sent to the Tufts Clinical Pathology Laboratory for hematology and serum biochemical data analysis.
At necropsy, tissues were collected from the small and large intestines, stomach, liver, kidneys, lungs,
spleen, and brain, embedded in wax, processed, sectioned, and stained using hematoxylin and eosin at
the Tufts Cummings histology laboratory. Sections were examined and scored by a board-certified
veterinary pathologist (G. Beamer) blinded to the identities of the individuals in any given group. The
extent of C. hominis colonization in the small and large intestines was scored as described previously (12,
26). Mucosal lesion scores were applied for villus changes (blunting and fusion), epithelial changes
(attenuation, necrosis, and loss), and cellular inflammation (neutrophils and lymphocytes) in the lamina
propria and within crypts/glands for all samples. The following scores were used: 0, normal; 2.5,
equivocal; 5, mild; 10, moderate; and 15, marked. The final lesion score was the sum of the scores for 5
anatomic sites (3 for the small intestine [duodenum, jejunum, and ileum] and 2 for the large intestine
[cecum and colon]) for each piglet. The following organs were also fixed, sectioned, and examined for
possible toxic effects: brain, kidneys, liver, lungs, and spleen.

Statistical analysis. Statistical comparisons of the differences among experimental groups were
conducted using GraphPad Prism 7.03 software (GraphPad Software, San Diego, CA, USA), and the results
were graphed. Colonization and lesion scores were analyzed using the Mann-Whitney nonparametric t
test, and correlations were analyzed using Spearman coefficients and linear regression modeling to
assess curve fit and 95% confidence intervals.
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